Findings
========

Osmotic balance is of great significance for maintaining the internal environment homeostasis. Many pathological processes, in accompany with the changes in osmolality (such as the facial or intraoral edema which is not contained within a rigid physical restraint), are painful. Both *in vitro*and *in vivo*experiments have proved that hypotonic stimuli can induce nociception or pain-related behavior \[[@B1],[@B2]\]. We previously reported that hypotonic stimulation caused an increase of action potential (AP) generation in small to medium-sized trigeminal ganglion (TG) neurons that are likely to be nociceptive in nature, resulting in the hyperexcitability of nociceptors \[[@B3]\]. Voltage-gated sodium channels (VGSCs), providing an inward current that underlies the upswing of an AP, contribute to the control of membrane excitability and underlie AP generation \[[@B4]\]. In nociceptors, VGSCs are pharmacologically separated into tetrodotoxin-sensitive (TTX-S) and tetrodotoxin-resistant (TTX-R) channels \[[@B5]\]. Our recent study found that TTX-R current was decreased by hypotonic stimulation \[[@B6]\] and this result seemingly can not explain hypotonicity-induced hyperexcitability of TG neurons. However, the modulation of VGSCs varies between laboratories and models. The selective up-regulation of TTX-S channel is detected in the pain caused by nerve injury or in inflammatory pain \[[@B7],[@B8]\]. This phenomenon indicates that TTX-S channel may also play an important role in the pain sensation. Therefore, we tested the effect of hypotonic stimulation on TTX-S current in cultured small- to medium-sized TG neurons which have characteristics of nociceptors. Voltage-gated sodium current was measured first in the absence of TTX to get the total sodium current and then in the presence of TTX to obtain the TTX-R current. TTX-S current was obtained by subtracting the latter from the former. We found that TTX-S current was increased by 37.74 ± 2.12% from -160.89 ± 14.11 pA/pF to -220.18 ± 18.57 pA/pF (n = 16, paired t-test, P \< 0.05) when the external solution was changed from isotonicity (300mOsm) to hypotonicity (260mOsm) (Figure [1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}). Hypotonicity-induced increase was largely reversible and TTX-S current recovered to -163.75 ± 12.13 pA/pF after hypotonicity was washed out for 3 min. We also found that the voltage-dependent activation curve (G-V curve) markedly shifted to the hyperpolarizing direction in the presence of hypotonic stimulation (paired t-test, P \< 0.05) (Figure [1D](#F1){ref-type="fig"}). Unlike the activation function, the voltage-dependent inactivation curve (inactivation-voltage curve) did not markedly shift before and during hypotonic treatment (paired t-test, P \> 0.05) (Figure [1E](#F1){ref-type="fig"}).

![**Effect of hypotonicity on TTX-S current in TG neurons**. **A**. Plot of current densities as function of hypotonic stimuli shows that the increase of TTX-S current was conspicuous at the largest osmotic gradient. **B**. The typical recordings show that TTX-S current was increased by hypotonicity. *Upper*: total sodium current, *middle*: TTX-R current obtained during application of 300nM TTX, *below*: TTX-S current obtained by subtracting TTX-R current from total. **C**. Comparison of voltage-current relationship (I-V curve) for TTX-S current in isotonic and hypotonic solution. **D**. TTX-S current was converted to a conductance and fitted to a Boltzman function. The mid-point of activation (V~0.5~) was significantly more negative in hypotonic than in isotonic solution (-41.17 ± 1.09 mV *vs*. -34.41 ± 2.16 mV, n = 9, pared t-test, P \< 0.05). However, the slope factor (*k*) was not significantly different between isotonic and hypotonic solution (3.54 ± 0.23 *vs*. 3.29 ± 0.89, n = 9, pared t-test, P \> 0.05). **E**. Unlike G-V curve, the inactivation-voltage curve did not shift before and during hypotonic treatment. V~0.5~were -69.66 ± 2.17 mV and -71.55 ± 3.21 mV (n = 10, paired t-test, P \> 0.05), *k*were -9.86 ± 1.81 and -11.25 ± 1.03 (n = 10, paired t-test, P \> 0.05) for 300mOsm and 260mOsm respectively.](1744-8069-7-27-1){#F1}

Transient receptor potential vanilloid subtype 4 (TRPV4) is a member of TRP super family which can be activated by multiple stimuli including hypotonicity \[[@B9]-[@B11]\]. As an important osmotic cellular sensor which is present in nociceptors, TRPV4 is now receiving accumulating attention concerning nociception \[[@B12]\]. Recent studies support an involvement of TRPV4 in anisotonicity-induced nociception \[[@B13],[@B14]\]. Consistently, our recent study demonstrated that TRPV4 mediated the increase of APs number by hypotonic stimulation in TG neurons \[[@B3]\]. To test whether TRPV4 receptors may be involved in hypotonicity-induced modulation of TTX-S current, the agonist of TRPV4 receptor 4α-PDD was firstly used. After exposed to 4α-PDD (1 μM) for 3 min, TTX-S current was reversibly increased by 39.93 ± 6.04% from -167.46 ± 9.09 pA/pF to -230.10 ± 12.61 pA/pF (n = 13, paired t-test, P \< 0.01). The increase was recoverable after 4α-PDD was washed out. 4α-PDD caused a hyperpolarizing shift in G-V curve (paired t-test, P \< 0.05) (Figure [2D](#F2){ref-type="fig"}), but had no effect on inactivation-voltage curve (paired t-test, P \> 0.05) (Figure [2E](#F2){ref-type="fig"}). The concentration-dependent increase of TTX-S current by 4α-PDD is shown in Figure [2A](#F2){ref-type="fig"}. The dose-response curve was fitted by Hill equation with EC~50~being 1.07 μM.

![**Involvement of TRPV4 receptor in hypotonicity-induced increase of TTX-S current**. **A**. The plot shows the increase of TTX-S current by TRPV4 receptor agonist 4α-PDD at concentrations of 0.03-30 μM. The dose-response curve fits to Hill equation with EC~50~being 1.07 μM and *n*being 1.08. **B**. The increase of TTX-S current by hypotonicity was markedly attenuated by TRPV4 receptor antagonists RR and GdCl~3~. Additionally, 4α-PDD-induced response was also significantly blocked by RR and GdCl~3~. In the presence of RR or GdCl~3~, the increase of TTX-S current by 4α-PDD (1 μM) was attenuated from 39.93 ± 6.04% to 7.36 ± 0.91% (unpaired t-test, P \< 0.01) and to 6.11 ± 2.57% (unpaired t-test, P \< 0.01), respectively. **C**. I-V curve shows the voltage-current relationship of TTX-S current before and during 4α-PDD (1 μM) treatment. **D**. In the presence of 4α-PDD (1 μM), G-V curve shifted to the hyperpolarizing direction, with V~0~.~5~being -35.33 ± 1.32 mV and -43.67 ± 3.72 mV (n = 8, paired t-test, P \< 0.05), *k*being 3.31 ± 0.98 and 3.11 ± 0.68 (n = 8, paired t-test, P \> 0.05) before and during 4α-PDD treatment, respectively. **E**. There was no significant difference in inactivation-voltage curve before and during 4α-PDD treatment. V~0~.~5~were -71.19 ± 4.15 mV and -72.72 ± 3.94 mV (n = 9, paired t-test, P \> 0.05), *k*were -10.01 ± 1.05 and -10.94 ± 1.41 (n = 9, paired t-test, P \> 0.05) for control and 4α-PDD group, respectively.](1744-8069-7-27-2){#F2}

To further determine whether TRPV4 receptor was involved in the effects of hypotonicity, TRPV4 receptor blockers ruthenium red (RR) and GdCl~3~were used to determine how they would affect the increase of TTX-S current under hypotonic condition. In isotonic condition, after exposure to 10 μM RR or 100 μM GdCl~3~for 3 min, TTX-S current was reduced from -166.07 ± 10.05 pA/pF to -135.77 ± 12.03 pA/pF (n = 8, paired t-test, P \< 0.05) and from -165.89 ± 7.41 pA/pF to -140.33 ± 6.98 pA/pF (n = 9, paired t-test, P \< 0.05), respectively. Upon pre-incubation with RR or GdCl~3~, the increase of TTX-S current by hypotonicity was reduced from 37.74 ± 2.12% to 6.82 ± 3.00% (unpaired t-test, P \< 0.01) and to 5.67 ± 2.33% (unpaired t-test, P \< 0.01), respectively. Here, it was noted that after pre-application of RR or GdCl~3~for 3 min, the increase of TTX-S current by 4α-PDD was also significantly blocked (unpaired t-test, P \< 0.01 in each case) (Figure [2B](#F2){ref-type="fig"}). Taken together, these data suggested that the increase of TTX-S current by hypotonic stimulation might be mediated through TRPV4 receptor.

We then tested some intracellular signaling pathways, including PKA and PKC system, to determine whether they were involved in hypotonicity-induced increase of TTX-S current. These two signaling pathways were chosen because they have been proved to be the important intracellular signal pathways modulating VGSCs \[[@B4]\]. We firstly compared the effect of each pathway on TTX-S current in isotonic solution. Agonist of PKA system 8-Br-cAMP (1 mM), and of PKC system phorbol-12, 13-dibutyrate (PMA, 1 μM) inhibited TTX-S current (P \< 0.05 in each case). Consistently, antagonists of PKA pathway H-89 (10 μM) and KT5720 (1 μM), and of PKC pathway Bisindolylmaleimide II (BIM, 1 μM) and staurosporine (1 μM) enhanced TTX-S current (P \< 0.05 in each case) (see additional file [1](#S1){ref-type="supplementary-material"}). Here we found that pre-treatment with PKC antagonists BIM or staurosporine markedly attenuated hypotonicity-induced increase of TTX-S current from 37.74 ± 2.12% to 14.55 ± 3.09% and to 13.17 ± 5.10% (unpaired t-test, P \< 0.05 in each case), respectively. However, in the presence of H-89 or KT5720, TTX-S current was increased 35.63 ± 1.17% and 36.09 ± 3.47% by hypotonicity, respectively (unpaired t-test, P \> 0.05 in each case) (Figure [3](#F3){ref-type="fig"}).

![**Role of PKA and PKC system in hypotonicity-induced increase of TTX-S current**. **A**. In the presence of PKC antagonist BIM or staurosporine, hypotonicity-induced increase of TTX-S current was markedly blocked from 37.74 ± 2.12% to 14.55 ± 3.09% (unpaired t-test, P \< 0.05) and to 13.17 ± 5.10% (unpaired t-test, P \< 0.05), respectively. **B**. Hypotonicity-induced response was not affected by PKA antagonists and TTX-S current was increased 35.63 ± 1.17% (unpaired t-test, P \> 0.05) and 36.09 ± 3.47% (unpaired t-test, P \> 0.05) by hypotonicity in the presence of H-89 or KT5720, respectively.](1744-8069-7-27-3){#F3}

Nociceptors are primary afferent neurons that response to noxious stimulus and transmit the information to the central nervous system to produce pain. As VGSCs have an essential role in the biophysical properties of nociceptors, changes in both channel function and expression can lead to electrical instability of neurons, which is observed in many kinds of pain condition. Two sodium channels, a fast-inactivating TTX-S channel and a slow-inactivating TTX-R channel, predominate in small nociceptive sensory neurons. TTX-S channels are necessary for the transduction in many Aδ-fibers, whereas C-fibers responses are either wholly or partly dependent on TTX-R channels \[[@B15]\]. There is strong evidence that altered sodium channels play an important role in both inflammatory and neuropathic pain \[[@B7],[@B8],[@B16]\]. In the present study, a hyperpolarizing shift in the activation curve of TTX-S current was observed in the hypotonic solution, which is likely responsible for the enhancement of TTX-S current. Combined with previous study concerning TTX-R current \[[@B6]\], the present results support the hypothesis that sodium channel subtypes are differentially altered by hypotonic stimulation. In fact, this differential modulation of sodium channel has been observed in the pain following nerve damage, in which there is a down-regulation of TTX-R channels, but an up-regulation of TTX-S channels \[[@B7],[@B16]-[@B19]\]. The enhancement of capsaicin-evoked current and trafficking of TRPV1 receptor have been noted in anisotonic stimulation \[[@B20]\] and more experiments need to be performed to further test whether hypotonicity had effect on TTX-S channels expression.

TRPV4 receptor is a polymodal receptor that is activated by hypotonicity, mechanical stimuli, warm heat, phorbol ester, low pH, anadamide and its LOX metabolite arachidonic acid etc. \[[@B21]\]. TRPV4 receptors are distributed in sensory ganglia as well as in free nerve endings and cutaneous A- and C- fiber terminals, suggesting the role in pain sensation. This idea was supported by the studies that the hypotonicity-induced increased nociceptor excitability and pain-related behavior was not present in TRPV4 knockout mice \[[@B2],[@B3]\]. Besides this, activation of TRPV4 receptor promotes the release of pain-related neuropeptides (substance P and calcitonin gene-related peptide) from the central projections of primary afferents in the spinal cord \[[@B22]\]. In our previous report, TRPV4 receptor is involved in the modulation of ion channels, such as TTX-R current \[[@B6]\], voltage-gated potassium \[[@B23]\] and calcium channels \[[@B24]\]. The present study demonstrated that TRPV4 agonist 4α-PDD mimicked the effect of hypotonicity with an increase of TTX-S current and a hyperpolarizing shift of G-V curve. Additionally, the enhancement of TTX-S current by hypotonicity and 4α-PDD was markedly attenuated by TRPV4 antagonist RR and GdCl~3~. These results indicated that TRPV4 receptor was likely responsible for the modulation of TTX-S current by hypotonicity. Sodium currents are regulated by multiple signal transduction cascades. In the present study, we examined the contribution of PKA and PKC signaling pathways to the increase of TTX-S current by hypotonic stimulation. By pre-incubating the antagonists of protein kinases, we found that hypotonicity-induced increase of TTX-S current was markedly blocked by PKC antagonists but unaffected by antagonism of PKA system, which implied that PKC system was selectively involved in the hypotonic-response (Figure [3](#F3){ref-type="fig"}). Here, it was noted that hypotonicity-induced increase of TTX-S current was not reserved by PKC antagonists completely, indicating that other factors might contribute to the modulation. Recent study reports that Nav1.7 TTX-S channel can be modulated by ERK1/2 mitogen-activated protein kinase which is an important intracellular signaling pathway regulating multiple voltage-gated ion channels in dorsal root ganglion neurons \[[@B25]\]. Whether ERK1/2 pathway was involved in the increase of TTX-S current by hypotonicity needs to be proved in the future study.

In small primary sensor neurons, both TTX-S and TTX-R sodium current are important for generation of action potentials. TTX-S current which has much faster activation and inactivation kinetics than TTX-R current activates during the initial depolarization of AP, rapidly declines before the action potential reaches its peak value and remains near zero during the repolarization. On the other hand, TTX-R current does not inactivation completely during the AP and carries the majority of inward current following during the shoulder \[[@B26]\]. Therefore, sodium channels, which were previously thought to be simply responsible for the rising phase of an action potential, have been shown to play multiple roles in the generation of AP. Besides TTX-R current, high voltage-gated calcium current (*I*~HVA~) \[[@B24]\], another important contribution to the AP shoulder \[[@B26]\], was also inhibited by hypotonic stimulation, while voltage-gated potassium current was enhanced by hypotonicity. The above modulation would accelerate the repolarization of AP and affect the shape of the shoulder. The present results demonstrated that TTX-S current was increased by hypotonicity, which would facilitate the depolarization during an AP. In addition, the decrease of calcium influx makes it have less chance to activate calcium-activated potassium current which plays an important role in reducing the repetitive activity \[[@B27]\]. Therefore, hypotonicity-induced changes in the excitability and firing pattern of TG neurons may be mediated through the modulation of multiple ion channels on the cell membrane. Our present framework provides the possibility of pharmacologically targeting specific channel subtypes in treating hypotonicity-induced nociception.

Methods and materials
=====================

Cell culture
------------

TG neurons from male Sprague-Dawley rats (180-200 g) were cultured as described previously \[[@B6]\]. Briefly, trigeminal ganglia were dissected aseptically and washed in cold (4°C) modified Hank\'s Balanced Salt solution (mHBSS). The ganglia were incubated in mHBSS at 37°C for 20-40 min with 0.1% collagenase (Type XI-S), triturated with a fire-polished glass pipette and finally incubated at 37°C for 10 min with 10 μg/ml DNase I (Type IV) in F-12 medium (Life Technologies, Gaithersburg, MD). Then they were centrifuged for 3 times at 5 × 1500 rpm/min and cultured in F-12 supplemented with 10% fetal bovine serum at 37°C for 24 h in a water saturated atmosphere with 5% CO~2~. The cell diameter (μm) was measured with a calibrated eyepiece under phase contrast illumination. Care of animals conformed to standards established by the National Institutes of Health. All animal protocols were approved by the Nanjing Medical University Animal Care and Use Committee. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Patch clamp recording
---------------------

All experiments were carried out at room temperature (22-23°C). Whole-cell patch clamp recordings were obtained using an Axopatch-200B patch clamp amplifier (Axon Instruments, Foster City, CA) and the output was digitized with a Digidata 1322A converter (Axon Instruments). The sampling rate was 10 kHz and filtered at 5 kHz. The capacitance and series resistance were compensated ≥90%. Data obtained from neurons in which uncompensated series resistance resulted in voltage-clamp errors \> 5 mV were not taken in further analysis. Liquid junction potentials were compensated before patching. When the osmolality of external solutions was changed from isotonicity to hypotonicity, measurements of the changes in liquid junction potentials were less than 2 mV and were not corrected. The glass pipettes (No. 64-0817(G85150T-3), Warner Instruments Inc., Hamden, CT, USA) with resistance of 1-3 MW when filled with pipette solution were used. In voltage-clamp experiment, the holding potential was -80 mV. The G-V curve of sodium current was measured by 20 ms depolarizing pulses from -80 to +40 mV stepping by 5 mV with interval of 2s. The inactivation-voltage curve was obtained by double pulses: precondition pulses (20 ms) were from -100 to +20 mV in 5 mV steps and following 0 mV test pulse (20 ms) with interval of 4s.

Solutions
---------

For sodium current recording, pipette solution contained (in mM) CsCl 130, NaCl 10, CaCl~2~1, MgCl~2~2, EGTA 10, HEPES 10, Tris-ATP 5 at pH 7.3 and osmolality 300mOsm. The external solution was composed of (in mM): NaCl 30, KCl 5, MgCl~2~3, TEA-Cl 20, Choline-Cl 35, 4-AP 3, D-Mannitol 106, HEPES 10 at pH 7.4 and osmolality 300mOsm. 300nM TTX was added in the external solution to separate TTX-S current. Hypotonic external solutions were obtained by adjusting the concentration of D-Mannitol. The osmolality was measured using a vapor pressure osmometer (Model 3300, Advanced Instruments, Norwood, MA).

Data analysis
-------------

Data were analyzed using pClamp (Axon Instruments) and SigmaPlot (SPSS Inc., Chicago, IL, USA) software. All data were presented as mean ± S.E.M. and the significance was indicated as P \< 0.05 (\*) and P \< 0.01(\*\*) tested by paired or unpaired Student\'s *t*-tests. The amplitude of sodium current was calculated as peak current. G-V curve and inactivation-voltage curve were fitted by Boltzmann functions, which G/G~max~= 1/(1 + exp (V~0.5~- V~m~)/*k*) or I/I~max~= 1/(1 + exp (V~0.5~- V~m~)/*k*), with V~0.5~being membrane potential (V~m~) at which 50% of activation or inactivation was observed and *k*being the slope of the function. The dose-response curve was fitted by Hill equation, in which *I*~peak~= *I*~peakmax~/\[1+(EC~50~/*C*)^*n*^\], with *n*as the Hill coefficient, and EC~50~as the concentration producing 50% increase.

Chemicals
---------

Cell culture materials were purchased from GIBCO (Life Technologies, Rockville, MD, USA). Others came from Sigma Chemical Company.
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